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MECHANISM AND REGULATION OF WATER TRANSPORT
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Cellular and molecular events in the action of antidiuretic hormone.
The urinary concentrating mechanism and the action of antidiuretic
hormone (ADH) were subjects of great controversy in the 1950's. Since
then, steady progress has been made in our understanding of the cellular
action of ADH. We have a good picture of the cyclic process by which
vesicles carrying water channels move from cytoplasm to apical mem-
brane, deposit water channels, and are then recovered by endocyosis.
There is progress towards a complete description of the structure of the
channels themselves. As well, in secretory cells such as the nerve terminal
and the chromaflin cell, there are principles of cytoskeletal control and
vesicle docking that appear to apply to the nephron.
Throughout much of his scientific career, Homer Smith strug-
gled with the problem of the production of a hypertonic urine by
the mammalian kidney. He looked back at the problem in his
Harlow Brooks Memorial Lecture, delivered in 1958 [1]:
"The elaboration of an osmotically concentrated urine requires
that pure water . . . be removed from the isosmotic glomerular filtrate
at some point along the nephron. In 1950 it was suspected that this
operation may occur in the collecting ducts, but ... the only notion
then available was that the epithelial cells could transport water
molecules per Se from the urine back into the blood. Since this must
occur against a steep concentration gradient some sort of active
transport must be involved, and no one was very happy with an
hypothesis that invoked the active transport of water molecules."
Wirz, Hargitay and Kuhn had proposed a solution to this
dilemma as early as 1951, in the form of the countercurrent model
[21, but it was not until seven years later that Smith agreed that the
model was correct. His concession was graceful, save for a brief
lapse towards the end of his lecture:
"I still do not like it: it seems extravagant and physiologically
complicated .
But, complicated as it was, the model provided the answer.
Things had gone far more smoothly in the amphibian world.
Hypertonicity was not an issue; the gradients across which water
moved in skin and bladder were provided by the intracellular
fluid. Freed from this concern, investigators could address other
questions, including the cellular action of ADH. In 1953, Koe-
foed-Johnsen and Ussing made the first major step, proposing
that ADH acted by enlarging aqueous channels in the cell
membranes of the toad and frog skin [31 Studies of the toad
urinary bladder [4] showed that it was the permeability of the
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apical cell membrane that was increased by ADH. Later studies in
our laboratory [5, 6] showed that ADH increased the number,
rather than the size of aqueous channels, and that the channels
were narrow enough to exclude solutes as small as urea, which
moves through an independent, carrier-mediated transport sys-
tem [7—9]. The freeze-fracture studies of Chevalier, Bourguet and
Hugon [10] gave the water channels a physical reality. Wade [11]
then showed that the channels were on vesicles which cycled
between cytoplasm and apical membrane. Through the remark-
able studies of Chrispeels and Agre [12] and a recent report by
Fushimi et al [13] we now understand that the ADH-responsive
water channels are members of a large family of aquaporins
present in cells throughout the body. This brief history of the
water channel is shown in Figure 1.
Role of the cytoskeleton
Taylor and her colleagues [14] were the first to show the
importance of the cytoskeleton in the cellular action of ADH.
Since these early studies, much has been learned about the role of
the cytoskeleton in exocytosis. We can now look at the cellular
response to ADH as one special example of exocytosis, and
explore the extent to which the response to ADH resembles the
response of all secretory cells to agonists. We have found that
neurosecretion, as carried out by chromaffin cells and the nerve
terminal, gives particularly useful insights into the way in which
water channel-carrying vesicles are positioned in the cytoplasm,
are released to dock at the apical membrane, and are recovered by
endocytosis.
Chromaffin cell and collecting duct
We can take the chromaffin cell as a particularly good model for
ADH-stimulated exocytosis. The structure of this cell, and the
effects of stimulation, have been reviewed [15—17, 21]. In the
resting cell almost all of the catecholamine-containing granules
are anchored to the cytoskeleton in a reserve pool. They are
separated from the plasma membrane by a barrier of actin
filaments, spectrin and other cytoskeletal components. A small
number of granules, the releasable pool, lie beyond the barrier,
already docked to the membrane and ready to discharge imme-
diately upon stimulation [15, 16]. As stimulation continues, there
are a series of events that permit the reserve granules to move to
the membrane, dock and discharge. First there is a reorganization
of the cross-linked network that had anchored the granules in
place, freeing the granules. At the same time, the actin barrier
breaks down, changing in seconds from art intact submembranous
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Fig. 1. The water channel, from concept to reality. A. Proposal that ADH increases the number of narrow, selective water channels. (Used with
permission from Academic Press, Current Topics in Membrans and Transport [6]). B. Freeze-fracture demonstration of arrays of water channels in the
oxytocin-treated frog bladder. (Used with permission from Elsevier, Biologic Cellulaire 35:207—220, 1979). C. Elongated cytoplasmic vcsicles
(aggrephores) that carry water channels to thc apical membrane. (Used with permission from The Journal of Cell Biology [301, by copyright permission
from The Rockefeller University Press). D. Complementary (E-face) of an aggrephore fused to the apical membrane. (Used with permission from The
Journal of Cell Biology [301, by copyright permission from The Rockefeller University Press). E. current view of the structure of a subunit of the water
channel. (Used with permission from Elsevier, Trends in Biochemical Science [12]).
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Fig. 2. The inner medullaty collecting duct. A. Apical vesicles, some of which are carrying water channels (arrowheads). Small arrowhead: possible
docking filament. Small arrows: water channels on apical membrane. (Used with permission from the American Physiological Society [18]). B. Confocal
view of rhodamine phalloidin stained IMCD; arrows, cells along lateral margin. C, D. Immunogold labeling of F-actin in control and ADH treated
IMCD (Used with permission from the American Physiological Society [20]). E, F. Immunogold labeling of non-erythrocyte spectrin in IMCD. In F,
a spectrin filament runs to a vesicle (arrowhead). G. Labeled actin filaments running to aggrephores in toad bladder (Used with permission from the
American Physiological Society [21]).
Fig. 3. A. Increase in ezrin in the cortical region
below the microvilli in the toad bladder in the
presence of ADH (striped bars). B. No increase
was observed in the IMCD.
ring to a discontinuous structure [15]. There is a similar, although some structural features of the IMCD, and its response to ADH.
slower reorganization of spectrin [17]. Figure 2A is a Triton-extracted section of the IMCD, showing a
Over the past few years, we have studied the reorganization of number of smooth-walled vesicles, some of which are carrying
the cytoskeleton in response to ADH, in both amphibian bladder immunogold-labeled water channels [18]. While we cannot yet
and rat inner medullary collecting duct (IMCD), to see to what speak with confidence of a reserve and releasable pool of vesicles
extent it resembles the neurosecretory response. Figure 2 shows in the IMCD, one vesicle in this section may be docked; it is very
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Fig. 4. Cellubrevin, water channels and syntaxin in the rat IMCD. A-D. Immunogold labeling of the apical region of the Triton-extracted IMCD. Both
uncoated vesicles (single arrowheads) and clathrin-coatcd vesicles (double arrowheads) are shown. In C, a clathrin-coated vesicle labeled with
cellubrevin adjoins a coated pit. In D, a multivesicular body is shown, with small vesicles containing cellubrevin. Arrows: cellubrevin on apical membrane.
(Used with permission from the American Physiological Society [18]). E-G. Double-labeled Triton-extracted IMCD showing vesicles (arrowheads) with
water channels labeled by 15 nm gold particles and cellubrevin labeled by 10 nm gold particles (with permission from [18]). H-J. Labeling of apical
membrane and underlying vesicles by syntaxin (arrowheads).
A
Fig. 5. Docking proteins and vesicular traffic in the collecting duct. A. In this hypothetical scheme, cellubrevin (•) and water channels (•) leave the
trans-Golgi reticulum (A) and dock at syntaxin-containing sites (B; V). With fusion (C), water channels and cellubrevin may (or may not) coexist in the
same aggregates. Recovery and cycling of water channels, cellubrevin and syntaxin may be via separate vesicles (D-F) or by a common endosome. The
water channels resume their eytoplasmic sites, awaiting another docking cycle. Alternatives are possible at every point in this diagram. B.
VAMP-syntaxin pairing in the IMCD cell (A) and intercalated cell (B). Again, a hypothetical scheme in which vesicle associated membrane proteins
(including cellubrevin) guide water channel, H+-ATPase and Na,K-ATPase-carrying vesicles to docking sites in the apical and basolateral
membrane.
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close to the apical membrane, and appears to be anchored. As in
the chromaffin cell, there is a heavy band of F-actin around the
peripheiy of the medullary tubular cells, shown in the confocal
image of a rhodamine phalloidin-stained section (Fig. 2B). Using
a series of techniques, including the labeling of F-actin by
rhodamine phalloidin [19] and a quantitative immunogold tech-
nique, [20] we have found that ADH depolymerizes this actin
barrier. Figure 2 C and D, for example, show the virtual disap-
pearance of apical immunogold staining of the IMCD following
ADH stimulation [20].
Non-erythrocyte spectrin (hereafter termed "spectrin") is also
present along the apical membrane (Fig. 2E), and is attached to
apical vesicles (Fig. 2F). In the toad bladder, where the aggre-
phores carrying water channels can be easily identified, we have
been able to show that actin and spectrin filaments run directly to
the aggrephores as part of the cross-linked network holding them
in place [reviewed in 21]. Two examples of actin filaments attached to
aggrephores are shown in (Fig. 2G). There is a significant ADH-
induced shift in the submembranous spectrin, in both amphibian
bladder and IMCD, away from the base of the microvilli and on the
microvilar domain itself [21]. The meaning of this shift is not yet
known. Ezrin, a phosphoprotein present in the microvilli of many
cells, also undergoes a significant relocation in the ADH-treated toad
bladder from microvilli to cytoplasm (Fig. 3A; Gao, Franki and Hays,
unpublished observation). This shift accompanies the extensive re-
organization of microvilli induced by ADH in the toad bladder. ADH
does not induce microvillar reorganization in the IMCD, and there is
no relocation of ezrin (Fig. 3B).
Thus, the cytoskeletal events following ADH stimulation re-
semble those in neurosecretion. The cytoskeleton undergoes a
broad reorganization, involving actin, spectrin, ezrin (in the toad
bladder) and undoubtedly other components. The reorganization
permits the release, docking and fusion of water channel-carrying
vesicles, which then return to the cytoplasm, again under cytoskel-
etal control. In the IMCD, the water flow response to ADH is
rapid, beginning approximately 20 seconds after stimulation [22],
and, as indicated in Figure 2A, some water channel vesicles may
already be docked in a rapidly releasable pooi. Just how the water
channel vesicles are released from the cytoskeleton is not yet
understood. It is reasonable to assume that phosphorylation of
anchoring filaments via protein kinase A takes place, with detach-
ment of the filaments from the vesicles. This is again analogous to
granule detachment in nerve terminal and chromaffin cell [23].
Docking proteins
One more interesting parallel to neurosecretion can be consid-
ered: the role of vesicle docking proteins. The docking of vesicles
at specific sites on cell membranes is not left to chance. It is a
highly controlled process, involving a battery of vesicle-associated
proteins and their membrane-based receptors. The system was
originally described by Rothman and Orci [24] in studies of vesicle
movement through the Golgi apparatus. It was then found to
operate in the nerve terminal [25], and now is thought to guide
vesicular traffic in all cells. Of particular importance are the family
of vesicle-associated membrane proteins (VAMPs), including
cellubrevin [26], and their complementary target membrane re-
ceptors, notably the syntaxins [27]. Specificity is thought to be
built into the system in part by the pairing of specific VAMP
isoforms with isoforms of the syntaxin system.
Docking proteins in the nephron
The renal tubules, both proximal and distal, are engaged in
exocytosis. The movement of a variety of transport proteins from
Golgi to plasma membrane, including water channels, proton
pumps and probably Na,K-ATPase, is mediated by vesicles
which ultimately dock at the apical or basolateral membrane. We
have begun an investigation of the role of docking proteins in the
kidney, beginning with their role in the movement of water
channel vesicles in the IMCD. Our studies thus far [21, 28] have
shown that cellubrevin is present on apical vesicles of the rat
IMCD, as well as on the apical membrane, in multivesicular
bodies, and the Golgi apparatus. Some representative immuno-
gold sections labeled with an antibody kindly provided by Dr.
Pietro de Camilli are shown in Figure 4, A-D. Both thin-walled
and clathrin-coated vesicles contain cellubrevin, suggesting its
presence in both the exo- and endocytic phases of vesicle traffic.
We have shown by double immunogold labeling that IMCD
vesicles carrying water channels have cellubrevin on their mem-
branes; (Fig. 4 E-G; [181). Thus, the ADH-induced system for
water channel placement and recovery uses the cellubrevin dock-
ing system for one or more of its steps. The studies we have
carried out so far do not permit a detailed interpretation of the
traffic pattern of vesicles containing both cellubrevin and water
channels. The two proteins may share the same vesicle during
both exocytosis and endocytosis, but we cannot be sure of this
until we examine the system with volume markers. Jo et al [29],
using isolated endosomes from rat inner medulla and papilla, have
reported that synaptobrevin, another member of the VAMP
family, mediates fusion of light endosomes containing AQP2
water channels with each other.
Finally, syntaxin, the plasma membrane receptor which binds
cellubrevin, is present on the apical membrane of the IMCD cell
(Fig. 4 H, I) as well as on apical vesicles (Fig. 4 I, J). Syntaxin is
not restricted to the collecting duct; it is present on the brush
border and basolateral membranes of the rat proximal tubule
(Hays and Franki, unpublished observations). The exact isoform
of syntaxin labeled by our antibody remains to be determined.
How syntaxin, cellubrevin and other docking proteins participate
in the cycling of water channels is only beginning to be under-
stood. Figure 5A places syntaxin and cellubrevin at points in the
cycle where they have been identified, but leaves open many
questions about their specific roles in exo- and endocytosis.
Looking beyond these initial studies, there can be little doubt
that vesicle traffic throughout the nephron is guided by the system
of docking proteins briefly described in this review (Fig. 5B). The
proteins are probably important not only in determining sites of
fusion in the polar epithelial cells, but the duration of fusion and
the destination of carrier vesicles upon their return to their
cytoplasmic locations. It may even turn Out that abnormalities in
the docking protein system account for some genetic defects in
tubular function. Homer Smith, who understood the common
thread of adaptation that runs from fish to philosopher, would
certainly have enjoyed the prospect of developing these new
uni'ing themes, given to us by our colleagues in cell biology, and
promising so much for the future.
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